ABSTRACT The objectives of this research were to find (1) the optimum boron dose for treating rhabdomyosarcoma in the head and neck regions and (2) the effective irradiation time to treat rhabdomyosarcoma in the head and neck regions. This research used the particle and heavy ions transport code system (PHITS) to simulate the neutron source and BNCT doses. The neutron source used was Kartini Reactor. The simulation was carried out by creating the geometry of cancer tissue in the head and neck regions. Boron concentration variance was 30, 35, 40, 45, and 50 µg/g tissue. The output of PHITS was a neutron flux and neutron dose. The neutron flux value was used to acquire the alpha dose, proton dose, and gamma dose inside the tissue. The results showed that (1) the optimum boron dose for treating rhabdomyosarcoma in the head and neck regions was 50 µg/g tissue and (2) the effective irradiation time was 7 hours and 4 minutes, which was acquired with a boron concentration of 50 µg/g tissue. The higher the boron concentration level, the higher the dose rate, the quicker the irradiation time, and the lower the radiation dose received by healthy tissues.
INTRODUCTION
Cancer is the second-leading cause of mortality all over the world. According to Stewart and Wild (2014) , the cancer incidence rate reached 14.1 million new cases, while the death rate caused by cancer reached 8.2 million. Cancer in Indonesia caused 103,100 men and 92,200 women to die.
Cancer can occur at any age. In children cancer, can occur in ages 0-15 years. The most common types of cancer in children are leukaemia, brain and spine, neuroblastoma, Wilms tumour, rhabdomyosarcoma, retinoblastoma, and bone cancer. Rhabdomyosarcoma is the most malignant soft tissue tumour in childhood (El Demellawy et al. 2017) . The primary sites of rhabdomyosarcoma are 40% in the head and neck region, 24% in the genital region, 19% in the extremities, and 22% in other regions (Radzikowska et al. 2015; Reilly et al. 2015; Lee et al. 2017) . Cancer treatment in the head and neck regions needs special attention to surrounding organ functions and the aesthetics of the head and neck itself.
The common methods to treat cancer are surgery, chemotherapy, radiotherapy, immunotherapy, and gene therapy. Surgery has become one of the most used methods to treat cancer. However, surgery can be done only if the tumour is localized and well differentiated from healthy tissue. According to Aihara et al. (2014) , surgery method has negative side which can cause loss of physiological function and aesthetics of the organ, because surgery is related to partial or total amputation of an organ. Chemotherapy methods use drugs to shrink and treat cancer. Chemotherapy has side effects for the patients, such as hair loss, loss of hearing, and loss of cognitive function (Winocur et al. 2012; Smith and Prewett 2017; Miaskowski et al. 2018) .
Boron Neutron Capture Therapy (BNCT) is one of radiotherapy methods which is being developed. BNCT use boron atoms, which are concentrated in the cancerous tissue with thermal neutrons to kill the cancer (Barth et al. 2012; Sauerwein et al. 2012; Rosidah et al. 2017) . The reaction between boron with thermal neutrons produces lithium atoms and alpha particles that have high linear energy transfer (LET). Alpha particles have high ionization power, but can penetrate only 4-10 µm (Moss 2014 ). Therefore, BNCT can damage cancer cells without causing damage to other healthy cells.
BNCT needs treatment planning before therapy. The treatment planning needed is for the neutron source and boron drug dose injected into the patient. In Indonesia, the neutron source that can be used for BNCT is the Kartini Research Reactor at PSTA BATAN Yogyakarta. The Kartini reactor can produce thermal and epithermal neutron flux according to the standard for BNCT treatment (Sardjono et al. 2016; Rosidah et al. 2017 ).
Dose determination for BNCT can be done using simulation of the cancer and body tissue of the patients to receive therapy. The Monte Carlo method is one of the most used simulation methods in nuclear physics because of its random characteristics similar to the nature of particles. Particle and heavy ions transport code systems (PHITS) is one of many softwares that can calculate using Monte Carlo method. PHITS has some advantages compared to the other software, namely that more particles can be calculated and use a wider energy span up to 3 GeV.
MATERIALS AND METHODS

PHITS simulation
This research was conducted using simulation methods by PHITS software. Building head and neck models was necessary before the BNCT simulation.
The head and neck model constructed was based on the standard geometrical size for a 5 year old child made by Cristy and Eckerman (1987) . Tissue composition was taken from International Commission on (ICRU). Material composition data were taken through the National Institute of Standard and Technology (NIST) (NIST n.d.).
Cancer tissue was defined as a spherical ball placed on the back-left side of the head and neck ( Figure 2 ). The cancer tissue was divided into three volumes, namely the gross tumour volume (GTV), clinical tumour volume (CTV), and planning tumour volume (PTV). The radii for each volume were 1.5 cm, 2.0 cm, and 2.5 cm. Material composition for PTV was the same as the material composition of healthy tissue, and the material composition for GTV and CTV was as listed in Table 1 .
The boron atom was found only in cancer tissues. The boron concentrations used in this research were 30, 35, 40, 45, and 50 µg/g. The boron concentration inside cancer tissue GTV, CTV, and PTV respectively 80%, 10%, and 5% of total boron concentration in cancer. BNCT needs a neutron source as a projectile to be fired at the cancer cells. In this research, the neutron source was the output from Kartini Reactor's radial piercing beam port that went through collimation by the research from Arrozaqi (2013) . PHITS use the Monte Carlo method in its calculation. The result of the calculation was user defined using Tally function. The tally types used in this research were T-Track and T-Cross. T-Track gave the neutron absorbed dose data in the tissue, while T-Cross produced the value of neutron flux in depth of the tissue.
Data analysis
The PHITS simulation provided the data of absorbed dose in tissue and neutron flux in depth of the tissue. The dose calculation in BNCT requires four dose components, namely the alpha dose, proton dose, neutron dose, and gamma dose. The values of the alpha, proton, and gamma doses were acquired by performing a calculation of the neutron flux in depth of the tissue.
The absorbed dose was defined as the energy deposited in 1 kg of tissue. The neutron reaction occurred with 1 atom in the tissue. Therefore, the number of atoms in 1 kg tissue was acquired using Equation 1.
FIGURE 2. Head and neck geometry.
After calculating the number of atoms in the tissue, the value of the dose rate was acquired using Equation 2.
whereḊ is the value of the absorbed dose rate (Gy/s), Φ is the thermal neutron flux inside tissue (neutron/s.cm 2 ), N is the number of atoms in 1 kg tissue (atom/kg), σ is the atom reaction cross section with thermal neutron (cm 2 ), and E is the energy of the particle (MeV).
The interaction between thermal neutrons and hydrogen atoms produces gamma rays. The calculation of the gamma ray dose rate started with a calculation of the release rate of the gamma rays themselves (Equation 3).
whereṘ is the release rate of gamma rays (γ/s), Φ is the thermal neutron flux (n/cm 2 .s), N H is the number of hydrogen atoms in tissue (atom/kg), and σ H is the cross section of reaction between hydrogen and thermal neutrons (cm 2 ). The gamma ray dose rate was calculated using Equation 4.Ḋ
whereḊ γ is the gamma ray absorbed dose rate (Gy/s), φ is gamma ray energy fraction absorbed by tissue, and ∆ is the dose rate per specific activity. The total absorbed dose rate was obtained by adding all four absorbed dose rate components (Equation 5). The particle has a different weighting factor while radiating material.
whereḊ is the total absorbed dose rate (Gy/s), W B is the boron weighting factor (3.8 for cancer, 1.3 for healthy tissue),Ḋ B is the alpha absorbed dose rate (Gy/s), W p is the proton weighting factor (3.2),Ḋ N is the nitrogen or proton absorbed dose rate (Gy/s), W n is the neutron weighting factor (3.2),Ḋ n is the neutron absorbed dose rate (Gy/s), W γ is the gamma weighting factor (1), andḊ γ is the gamma absorbed dose rate (Gy/s).
The irradiation time was obtained by dividing the standard absorbed dose with the total absorbed dose rate (Equation 6 ). The standard absorbed dose to destroy rhabdomyosarcoma in children was 36 Gy.
RESULTS AND DISCUSSION
The results of the PHITS simulation were a neutron dose in tissue and neutron flux in the depth of the tissue. Figure  3 shows the results of the PHITS simulation, which reveals the neutron flux in the depth of the tissue. Based on Figure 3 , the thermal neutrons had a maximum flux at a depth of 1.40 cm from the skin, which was the exact depth of the cancer tissue inside the body. This was as expected for BNCT, which relies on the interaction of thermal neutrons and boron atoms inside cancer tissue.
The particle absorbed dose rate was obtained by converting the flux neutron values in the tissues. Figure 4 shows the dose rate for each particle in body tissue. As the figure shows, the alpha dose rate had the highest value and only occurred in the PTV, CTV, and GTV, which is the cancer tissue.
The dose components for BNCT consist of four particles, namely alpha, proton, neutron, and gamma. These four particles have different weighting factors in the calculation of the total absorbed dose in the body tissue. The alpha dose component is the main component in BNCT treatment. The amount of boron compound accumulated inside cancer tissue affected the value of the absorbed dose rate for the tissue. Figure 5 shows the relation between boron concentration in cancer tissue (GTV) and the total absorbed dose. Based on the analysis made using the OriginPro 8 program, it was found that the relation between boron concentration and dose rate was linear. Equation 7 shows the linear equation obtained from the fitting process.
This equation could be used to get the amount of boron concentration to obtain the exact absorbed dose rate. Figure 6 shows the total absorbed dose inside the body tissue in the head and neck region. The highest dose rate occurred in the cancer tissue (GTV) with the highest value of 1.41 × 10 -3 Gy/s at a boron concentration of 50 µg/g. The dose components received by healthy tissue were neutron, proton, and gamma doses. The value of the tissue absorbed dose rate was used to calculate the absorbed dose received by the tissue after going through irradiation time. The irradiation time to achieve the standard dose (36 Gy) depends on the boron concentration in the cancer tissue. The boron concentration of 30 µg/g needed 10 h 50 min; 35 µg/g needed 9 h 33 min; 40 µg/g needed 8 h 33 min; 45 µg/g needed 7 h 45 min; and a boron concentration of 50 µg/g needed 7 h 4 min. Irradiation time was found to decrease with an increase in the amount of boron in the tissue, as indicated by the fact that the shortest irradiation time coincided with the highest boron concentration (50 µg/g tissue). Figure 7 shows the effect of boron concentration on BNCT irradiation time. Based on curve analysis using OriginPro 8, the relation between boron concentration and irradiation time was exponential decay. The exponential equation obtained is shown in Equation 8. The absorbed dose received by the healthy tissues was obtained by multiplying the irradiation time with the tissue's total absorbed dose rate. Skin was the sensitive part of the body when receiving radiation. Skin will turn red after receiving doses of 2-3 Gy. The boron concentration of 30 µg/g and 35 µg/g resulted in a dose to the skin up to 1.872 Gy and 1.651 Gy. The dose received is still below the dose threshold for skin, but it has a narrow gap to the threshold dose. Therefore, the concentration that was suggested for not damaging the skin were above 40 µg/g tissue.
The boron concentration of 50 µg/g tissue had the shortest irradiation time (7 h 4 min). The dose received by the skin with cancer tissue of 36 Gy was 1.221 Gy. The healthy tissue dose at a boron concentration of 50 µg/g had the lowest value if compared with the other boron concentrations.
CONCLUSIONS
The optimum boron concentration among the tested doses (30, 35, 40 45 , and 50 µg/g tissue) was a concentration of 50 µg/g tissue. The higher the boron concentration in the cancer tissue, the higher the absorbed dose rate it received. Increasing the boron concentration also resulted in both a shortened irradiation time and reduced dose received by healthy tissue. The effective irradiation time with a boron concentration of 50 µg/g was 7 h and 4 min.
